Abstract-Characterization of the drift in the 18-GHz brightness temperature (TB) measured by the TOPEX microwave radiometer (TMR) is presented. The appropriate correction is not a constant drift but varies with TB. Using this correction results in a more accurate path delay retrieval that varies appropriately with cloud cover and surface wind speed.
I. INTRODUCTION
The TOPEX microwave radiometer (TMR) is a nadir pointing spaceborne microwave radiometer that flies alongside the TOPEX altimeter to estimate variations in the integrated refractivity of the atmosphere due to water vapor and cloud liquid [1] . TOPEX was launched in August 1992. The TMR operates at 18, 21, and 37 GHz. Early post-launch calibration/validation of TMR performance demonstrated absolute calibration of its brightness temperature (TB) at all three frequencies of 61.5 K [5] . Subsequent studies using tide gauge comparisons detected a 2 mm/y mean global drift in TOPEX-derived sea level [4] . That switch of approximately 28 dB. After December 1996, the cold space difference remains steady at 0.25 K. These characteristics of the 18-GHz drift will be used in the work presented here to develop a consistent model for the instrument drift. Based on this model, a correction algorithm is developed which can be applied to the 18-GHz TBs.
II. INSTRUMENT DRIFT MODEL
The TMR calibration switch consists of two latching ferrite circulators that combine to direct the input to the receivers from one of either the Earth viewing reflector antenna, the cold space viewing horn antenna, or a warm load waveguide matched termination. The effective brightness of the signals including leakage effects can be written as Several assumptions can be made about the relationship between leakage terms. The two terms LCA and LWA are likely equal since they both arise from leakage of the signal from the main reflector antenna when the upper circulator is switched to the calibration sources.
The two terms L CW and L WC which account for isolation between the cold sky and warm load arms of the lower circulator, will be assumed to be equal and stable over time since there is no direct evidence otherwise. In (1a), a third source term with leakage L AC is not included because it would be 2 orders of magnitude below the other leakage terms considered here due to two cascaded blocking circulators.
Based on the three characteristics of the drift noted in Section I, the conjecture is that the drift in coldest 18-GHz TB occurred because of an unaccounted for decrease in the leakage term LCA . Any changes in L CA would likely be associated with changes in L AW since they correspond to the isolation of the same circulator when it is in its alternate latched states. Direct estimates of LAW using flight data, or detection of drifts in L AW over time, are much more difficult and have been unsuccessful because the source of the leakage signal TW is much less variable than the source of leakage TA with which LCA is associated.
It is hypothesized that a decrease in L CA by 1L dB would be accompanied by a corresponding increase in LAW by 1L dB. The reasoning behind this is as follows: A latching circulator is driven into its "latched" operating states by driving the magnetic core material into opposite extremes of its hysteresis curve. The observed decrease in LCA over the first four years of the mission is consistent with greater saturation of the core, i.e., settling further along the hysteresis curve when the circulator is latched in the position to observe the warm load and cold space calibration sources. This may have been caused by a change in the driver circuit that excites the external magnetic field around the core. If penetration into one end of the hysteresis curve has increased, and if a corresponding change in the driver circuit in the reverse direction has not occurred, then it is reasonable to assume that there will be a decrease in penetration along the hysteresis curve in the alternate latched state. The validity of the assumption that the changes are equal in magnitude is considered below.
The sensor data record (SDR) ground processing software for TMR calibration implicitly assumes that all circulator leakages are constant at 024.5 dB throughout the mission. The effect of this assumption on calibration error can be evaluated. Simulated digital counts are generated using (1) and (2) L CA needs to increase by 6.0 dB. The variation in calibration error versus TA will then also behave similarly to the 3.4 dB curve in Fig. 1 . However, a 6.0 dB increase in L CA will also result in a change in the difference between measured cold space brightness over cold and warm Earth from 0.5 K to 0.13 K. This is a larger change than was actually observed. On the other hand, if L AW is assumed to decrease twice as much as LCA increases, then a 1.9 dB increase in LCA will produce a shift in T A calibration that is similar to that observed. But the difference between measured cold space brightness over cold and warm Earth will change from 0.5 K to 0.34 K, which is a smaller change than was observed. Thus, the assumption that L CA and L AW change with similar magnitudes in opposite directions is more consistent with the observations. It is difficult to precisely estimate the difference in cold space brightness over cold and warm Earth so an exact relationship between changes in L CA and L AW can't be determined. However, the relationship between the two changes have very little effect on the overall prediction of shifts in TA calibration versus TA , provided the change in L CA is adjusted to produce a 1.1 K shift in T A at 123.5 K. Therefore, the overall effect on the T A calibration correction is not significant.
The instrumental drift mechanism that will be assumed is then the following. 1) LCA decreases from 024.5 dB to 027.9 dB between launch and December 1996 and then remains steady at 027.9 dB after that. 2) L AW increases from 024.5 dB to 021.1 dB over the same time and then remains steady at 021.1 dB. 3) L CW and L WC are both constant at 024.5 dB throughout the mission.
III. ALGORITHM FOR CORRECTING TMR 18-GHz TBS
The change in TA calibration depends nearly linearly on the dB value of the leakage. For this reason, it is assumed that L CA increases linearly over time from 24.5 dB at launch to 27.9 dB at the end of December 1996. The effect of an incremental change in LCA by 1.1 dB per step is shown in Fig. 1 . The slope and y-intercept of the T A calibration error shown in the figure were determined for each value of 1L. A fourth default condition is assumed that slope = y-intercept = 0 at 1L = 0. 
where 1L is in decibels. Note that 1T A is the positive calibration error in the TMR geophysical data records (GDRs) at 18 GHz and so should be subtracted from the GDR value. In other words, the appropriate correction algorithm is given by
In practice, the GDR value for TB18 can be used in place of T A in (4a). The time history of 1L is a linear ramp during the period of drift, followed by a constant, or 1L(t) =0:81926 
where t is the elapsed time since launch (in August 1992) in units of years.
IV. DISCUSSION AND CONCLUSIONS
The effect of the 18-GHz channel cold reference TB drift on the retrieved PD is illustrated by considering a sample of measurements by TMR. The TB samples at nearest approach to Lampedusa Island (LAT 35.4N, LON 13.1E) were selected from each 10-day cycle of the TOPEX orbit during the first four years of the mission. This provides a range of PDs between 3 and 25 cm and includes both clear and cloudy conditions and low to moderate wind speeds. For illustrative purposes here, it is assumed that this distribution of TBs occurred during or after the fouth year of the mission and so includes the maximum possible drift in the 18-GHz channel. Beginning with these TBs, the PD was estimated in two ways. First, the TBs were input to the PD retrieval algorithm without correction for the 18 GHz drift and then the PDs were all corrected with a constant 5.0-mm bias correction (= 4.15 yr 2 1.2 mm/y). Alternatively, the individual TBs at 18 GHz were first corrected for their drift, using (4)- (6), and then the corrected TBs were input to the PD retrieval algorithm. The difference between these two PD estimates is shown in Fig. 2 as a function of the latter (more accurate) PD.
In Fig. 2 , a large majority of the differences cluster in a relationship that is roughly linear with PD. This cluster forms a distinct lower bound on the differences (ranging from no difference at very low PDs to a difference of approximately 0.5 mm at PD = 250 mm). The samples in the cluster generally correspond to cloud free and low wind conditions. In these cases, there is nearly a linear relationship between the TBs at 18, 21, and 37 GHz and the PD [5] . Therefore, calibration biases in TB at 18 GHz will be linearly related to errors in PD. One simple improvement on a blanket 1.2 mm/y correction to the PDs might, then, be to incorporate this additional linear correction as a function of PD. However, such an improvement will not properly handle the numerous outlier points in Fig. 2 that lie above the lower bound cluster. These points arise from cloudy and/or higher wind conditions in which the relationship between TBs at each frequency cannot be explained by PD alone. Differences of 0.5-1.1 mm occur at PDs values well below the 250 mm maximum and in a manner not well correlated with PD. In these cases, it is best to reapply the full TMR PD retrieval algorithm to the drift corrected TBs.
A correction algorithm has been developed for the drift in calibration of the 18-GHz TMR channel. The resulting correction to TB varies linearly with TB and is greatest at lower TBs, dropping to zero when TB equals the physical temperature of the on board reference load. Given that the TB at 18 GHz that is typically measured by TMR on orbit over ocean only ranges over approximately 126-170 K, a constant drift correction of 0.27 K/y during the first four years of the mission is likely adequate for most purposes. A constant drift of this magnitude roughly corresponds to a constant drift in the retrieved PD of 1.2 m/y. However, use of a constant PD correction is found to result in small but systematic errors in the PD at the 1-mm level that are correlated with PD, with cloud cover, and with wind speed. Since all of these characteristics can have spatial scale sizes that are significantly greater than the individual TMR sample spacing of 45 km, the effects of these systematic errors can be important even though the magnitude of the errors is an order of magnitude smaller than the individual sample error. For this reason, it is recommended that, for highest quality PD retrievals, the drift correction be applied to 18-GHz TBs and then the corrected TBs be reprocessed through the PD retrieval algorithm.
